Oxygen vacancies (OVs) are reported for the first time as an effective strategy to boost the electrochemical performance for amorphous electrode materials of sodium-ion batteries (SIB). Amorphous SnO2 is used as a model anode material to demonstrate the significant impact of OVs owing to the high attention it has received in the SIB field. Amorphous SnO2 ordered arrays are fabricated using the nanoimprinted anodic aluminum oxide (AAO) template and atomic layer deposition, and OVs are confined in the material by annealing the arrays in the N2 atmosphere.
Introduction
Defects play an important part in both the chemical and physical behavior of solids [1] [2] [3] [4] [5] . Simple defect modification is a powerful means to improve the performance of electrochemical energy storage devices [6] [7] [8] . Defects such as oxygen vacancies (OVs) have received considerable interests in the field of lithium-ion batteries (LIBs).
OVs can trigger changes in the chemical and structural characteristics of the active electrode materials as well as the property of the electrode/electrolyte interface without sacrificing crystal stability, so affecting the energetics for electron and ion transport, facilitating the phase transition experienced in lithiation, and modifying surface thermodynamics [9] [10] [11] [12] . Recently, sodium-ion batteries (SIBs) come again into focus as the important alternative owing to the low cost of Na associated with its natural abundance and decent energy density bestowed by its similar chemical nature to Li [13] [14] [15] . Despite the rapid progress of SIBs, study of OVs on sodium storage hasn't followed that on LIBs to the same extent as very few reports have shown concerns for this topic so far [16, 17] . Therefore, it urges us to explore the effects of OVs on the SIB electrodes' performance, and such kind of knowledge is of great importance to develop suitable large-scale electrochemical energy storage devices.
Amorphous materials have a more open framework that can form percolation pathways via the opening of active diffusion channels, thus facilitating the Na-ion diffusion owing to the isotropic characteristic. Such isotropic behavior may help reduce the degradation of the electrode associated with volume changes upon cycling.
Studies have shown that Na-ion diffusion in amorphous materials proceeds more rapidly than in crystalline counterparts with similar particle size and morphology [18] [19] [20] [21] . Thus the amorphous electrode materials sometimes outperformed their crystalline counterpart. Owing to the high attention that has been given to the SnO2-based SIBs in the last few years [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , we take a-SnO2 as a model material and highlight for the first time that the sodium storage performance of the amorphous materials can be greatly promoted by the confined OVs. The presented OV-containing a-SnO2 ordered array anode delivered a capacity of 376 mAh g -1 (0.05 A g -1 ) after 100 cycles and 220 mAh g -1 (1 A g -1 ) after 800 cycles. Moreover, superior rate capability was achieved by retaining the capacities of 210 and 200 mAh g -1 at the rate of 10 and 20 A g -1 , respectively. Both cyclability and rate capability was greatly enhanced comparing with the OVs-free a-SnO2 arrays. Our study not only demonstrates the advantages of amorphous SIB electrode materials, but also reveals the significant impact of OVs on promoting SIB performance. This approach provides new insight and direction for addressing the challenges of rechargeable SIBs.
In this work, ordered Ni nanorod arrays as current collector were first prepared using the nanoimprinted anodic aluminum oxide (AAO) template, then a layer of a-SnO2 was deposited on the surface of the Ni arrays using atomic layer deposition (ALD) followed by a subsequent annealing in N2 atmosphere to obtained the heterostructured arrays. As comparison, the air-annealed arrays were also fabricated and the detailed fabrication process of the ordered arrays is shown in Scheme S1 in the Supporting Information. To demonstrate the OVs' impact, we chose such kind of electrode architecture to exclude some factors that may influence the sodium storage performance to the maximum extent under the following considerations. First, the direct deposition of a-SnO2 on Ni nanoarray current collector can eliminate the use of conductive additive and binder. Their absence helps to accurately reveal the intrinsic properties of a-SnO2 because the lack of control over how the conductive additive and binder interact with active material at the nanoscale may cause the measured performance to be sensitive to phenomenological effects [32] . Second, the high regularity of the heterostructured nanorods guaranteed by the nanoimprinted AAO templating technique can provide high Na-ion accessibility from electrolyte and fast electron transport when operated at high rates [33, 34] . Third, the great integrity of the arrays can minimize the morphological discrepancy after annealing in different atmosphere. All three aspects help to isolate the effect of OVs.
Materials and methods

Materials
All chemicals were purchased from Alfa Aesar GmBH & Co KG., and used without further purification wt% H3PO4 solution at 60°C to form a through-pore AAO template.
Preparation of the AAO template
Fabrication of the ordered Ni nanorod arrays
The ordered Ni nanorod arrays were electrochemically deposited in Watt's bath as electrolyte, which consists of NiSO4· 6H2O (0.38 M), NiCl2· 6H2O (0.12 M), and H3BO3 (0.5 M). Two-electrode configuration was used with the as-prepared through-pore AAO template as working electrode and Ni foil as counter electrode.
The electrochemical deposition was performed by constant current mode using a VSP electrochemical workstation (Bio-Logic, France), where a current of -2 mA was applied for 6 min. Afterwards, the AAO template was removed in a 5 wt% H3PO4 solution at 30°C.
Fabrication of the OV-containing a-SnO2 ordered arrays
The OV-containing a-SnO2 ordered arrays were fabricated by depositing a-SnO2 on the surface of the as-prepared Ni nanorod arrays using a PicoSun SUNALE R-150 ALD system (PicoSun, Finland) according to the following procedure. The reaction chamber was heated to 250°C, and SnCl4 and H2O were chosen as the precursors of Sn and O, respectively. SnCl4 was pulsed for 0.2 s and purged for 4 s, followed by a 1 s pulse and an 8 s purge of H2O and this procedure was repeated 750 times. To obtain the N2-/air-annealed sample, the as-deposited sample was annealed in N2/air at 400°C
for 3 h with a ramp rate of 10°C/min.
Characterizations
X-ray diff raction (XRD) analysis was performed on a SIEMENS/BRUKER D5000 X-ray diff ractometer using Cu Kα radiation at 40 kV and 40 mA, with the samples being scanned from 2θ = 20°−60° at rate of 0.02° s -1 in a Bragg−Brentano geometry.
Scanning electron microscopy (SEM) analysis was conducted using a Hitachi S4800
field emission scanning microscopy. Transmission electron microscopy (TEM)
analysis was performed on a JEOL 2100F transmission electron microscope. X-ray photoelectron spectra (XPS) were acquired on an ESCALAB 250Xi with Mg Kα (hυ = 1253.6 eV) as the excitation source. The binding energies obtained in the XPS spectra analysis were corrected for specimen charging by referencing C 1s to 284.8
eV. Room-temperature electron spin resonance (ESR) spectra were obtained using a JEOL JES-FA200 ESR spectrometer (300 K, 9.062 GHz). Raman spectra were recorded with a LABRAM-HR Confocal Laser Micro Raman Spectrometer 750 K.
Electrochemical measurements
Samples were directly used as anodes without adding conductive additive and polymeric binder. Electrochemical tests were carried out using a coin cell configuration, CR2032, which were assembled in a nitrogen-filled glovebox with the oxygen and moisture concentrations kept below 0.1 ppm. Sodium metal foil used as a counter electrode was separated from the working electrode using a glass microfiber filter (Whatman, grade GF/B) with the pore size of 1 μm. The electrolyte was 1 M sodium perchlorate (NaClO4) in propylene carbonate/ethylene carbonate (1:1). Cyclic voltammetry (CV) was performed on a VSP electrochemical workstation (Bio-Logic, France) in the potential range of 0.01 to 3.0 V (vs Na/Na + ). Electrochemical impedance spectroscopy (EIS) was performed on the same workstation with a frequency range of 10 6 −10 -2 Hz and a 5 mV AC amplitude. Galvanostatic discharge/charge was carried out on a Land CT2001A battery testing system (Land, China) with the cutoff potentials set to 0.01−3.0 V (vs Na/Na + ) at room temperature. nm can be seen in Figure 2b and the uniform diameter along the length of the nanorod once again demonstrates the uniformity of the a-SnO2 layer. Figure 2c and d show the high-resolution transmission electron microscopy (HRTEM)
Results and discussion
images of the N2-and air-anneal samples, respectively. The absence of lattice fringes in both samples further confirms the amorphous structure of SnO2.
Additionally, the thickness of the SnO2 layer can be determined to be ~10 nm.
All the above results are in good agreement with the SEM and XRD analysis.
It is known that OVs can be created by heating nanostructured oxides in oxygen-deficient environment at relatively lower temperature, which could be related to the reduce energies required to remove the oxygen [35, 36] . X-ray photoelectron spectroscopy (XPS) was used to examine the existence of the OVs. The O 1s core level spectrum of the air-annealed sample in Figure 3a shows two peaks: the one at 530.3 eV belongs to the Sn-O-Sn bonds and the one at 532.1 eV is due to the absorbed water. One more peak at 531.6 eV appears in the spectrum of the N2-annealed sample, which is attributed to the OVs in the matrix of metal oxide [37] [38] [39] . The Sn 3d core level spectra (Figure   3b) show that both the 3d5/2 and 3d3/2 peaks of the N2-annealed sample shift towards a lower binding energy by ~0.45 eV comparing with those of the air-annealed sample, which could be caused by the presence of the OVs [40, 41] . The Sn 3d signals are symmetric and no shoulder peaks appear at the lower binding energy side, suggesting that the OV formation does not accompany the formation of Sn 3+ . The comparison of the XPS results reveals that annealing in N2 could facilitate the formation of OVs whereas annealing in air could diminish them. The Raman spectra of the two samples show a very broad and intense peak at ~570 cm -1 , which suggests an amorphous or disordered phase existed in the material (Figure 3c ) [42] . It is worth noting that a hump at ~470 cm -1 emerging in the spectrum of the N2-annealed sample corresponds to the Eg mode that is sensitive to OVs and broadening of the Eg mode could be caused by the shortening of correlation length resulting from defects like OVs [43, 44] . Further proof is provided by the electron spin resonance (ESR) spectroscopy (Figure 3d) . The N2-annealed sample exhibits an ESR signal at g = 2.003 that is assigned to the electrons trapped in the OVs [45, 46] . Therefore, based on the above characterizations, we are able to confirm the existence of the OVs confined in the a-SnO2 ordered arrays by annealing in the N2 atmosphere.
To disclose the role of OVs on the sodium storage performance of the a-SnO2 ordered arrays, we tested both samples as binder-and conductive additive-free anodes. The samples show similar cyclic voltammetry (CV) curves as shown in Figure S4 . The first cathodic scan exhibited a broad peak starting from ~1.3 V. The first bump at around 1.1 V is attributed to the formation of solid-electrolyte interface (SEI) layer [23] . The rapid increase of current towards the second bump at ~0.6 V is ascribed to the reduction of SnO2 to Sn, and the sharp peak between 0.6 and 0.01 V is related to the formation of series of NaxSn alloy [23, 26] . The broad peak disappeared in the following cathodic scans, indicating the irreversible property of the two reactions and corresponding to the irreversible loss of discharge capacity after the first cycle.
During the following cycles, the two reactions merged to each other, giving rise to a pair of redox pseak at ~0.83 V (cathodic)/~1.3 V (anodic) [24] . The charge-discharge profiles (Figure 4a and S5 observed of SnO2 systems that have been tested in the Na half-cells [24, 27, 28, 47, 48] , which could be attributed to the formation of SEI layer in the first cycle and partial reversible conversion reaction due to the irreversible binding of Na with oxygen according to the recent work [25] . The N2-annealed sample exhibited better cycling performance too, maintaining a capacity of 376 mAh g -1 at cycle100, while the air-annealed sample retained a capacity of 289 mAh g -1 at cycle100. The OVs not only promotes the cycling performance of the electrode, but also significantly enhances the rate capability. respectively). Moreover, when cycled at the rate of 1 A g -1 , the N2-annealed sample maintained a capacity of 220 mAh g -1 after 800 cycles (Figure 4d) , indicating the great long-term stability at high current. Overall, the above results clearly demonstrate that the OVs can effectively enhance the sodium storage performance of the amorphous SIB electrode materials.
In order to confirm the facilitation of the charge transfer/transport induced by the OVs, we carried out electrochemical kinetic study on the samples. First, CVs were performed in the range of 0.1-20 mV s -1 (Figure 5a and S7) . Because it is difficult to separate the conversion and alloy peaks for the sodiation process at all scan rates, we took the broad desodiation peak near 1.4 V as the monitoring peak. One can expect that increased peak current (i) and shifting peak voltage were observed with increasing the scan rate (v). According to the general expression of i = aʋ b where a and b are adjustable constants, the b-value would be 0.5 for an ideal semi-infinite linear diffusion controlled process while close to 1.0 for a surface controlled process [49, 50] . As shown in 0.81-0.67). Although it is not possible to completely identify this transition of the desodiation reaction to either dealloying or conversion, one can safely state that diffusion control in the air-annealed sample is a graver issue than in the N2-annealed sample [24] , which agrees well with the rate performances.
Second, electrochemical impedance spectroscopy (EIS) measurements were performed and the Nyquist plots were collected after the 2nd and 50th cycles (Figure 6a and b) . Simultaneously, both EIS measurements exhibit a compressed semicircle in the high-and medium-frequency range followed in a linear section in the low-frequency range. In general, the N2-annealed sample possesses smaller impedance than the air-annealed sample during the entire cycling. The equivalent circuit modeling is (inset of Figure 6c ) is used to analyze the results after 50 cycles in order to gain better understandings, where
Rint is the interface resistance related to SEI layer, Rct is the charge transfer resistance, and Wo is the Warburg impedance related to the diffusion of Na-ions into the bulk electrode. As suggested from the fitting results (Table S1) 
Conclusion
In conclusion, we have fabricated amorphous SnO2 ordered arrays through a nanoimprinted template-assisted method and employed them as binder-and b-value determination from the peak currents of the two samples. 
